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Theorists always want more energy and luminosity 

Is there an end in sight?



When does that path end?

Planck Scale



Accelerators used to have their version of a Moore’s law

Livingston’s Law - Doubling of energy every six years9

Start this innovation again now 

and we only need…about 300 years



5000 TeV

500 TeV

14000 TeV



Alas…



We’re still trying to implement these

Snowmass 1982



Snowmass 1982





1 TeV 10 TeV 100 TeV
LHC
ILC

FCC-hh 
SPPC 
MuCol 

AC?

AC

CLIC

A vision for the future



Why motivate the 100 TeV partonic scale isn’t 10 TeV enough?

Motivated 
Targets

Energy 
gives precision

Many ideas from an LOI

previous talk by Raman Sundrum


July 2020



Precision/Complementarity

• More precision (without deviation) means we must prepare for higher energies!


• Simple fact about decoupling and Quantum Field Theory


• W mass example - lots of ideas naturally live in the multi-TeV range


• g-2, flavor anomalies


• Lot of other probes of high energy physics not at high energy…


• CP violation


• Flavor


• Gravitational Waves



Complementarity with other Frontiers

Rare Processes/Cosmological Frontiers

Energy Frontier

Indirect hints are hard - we want to be able to test them “directly” whether it’s from EF or 
somewhere else, and there are a lot or improvements coming in the future

Gravitational Waves, Astrophysics, Dark Matter, Rare Processes



Complementarity: Electric Dipole Moments (EDMs)

from slide by N. 
Hutzler

Precision on the Horizon

Polyatomic Molecules (e.g., YbOH)
Hutzler, Kozyryev 1705.11020

Laser cooling achieved (Augenbraun et al., 1910.11318)

Electron EDM: 10−29e cm ⟶ 10−32e cm

One of several parallel approaches:

!



Complementarity: Charged Lepton Flavor Violation (CLFV)
Precision on the Horizon

Source: Baldini et al., 1812.06540, submission to 2020 European Strategy 
from COMET, MEG, Mu2e and Mu3e collaborations 



Complementarity: Physics Reach
The Bottom Line: Probe 10s of TeV to PeV Energy Scales!

EDM, 2-loop Barr-Zee


Anything Higgs+EWK

EDM, 1-loop 


electron-flavored

10-32 e cm ⟹ ~ 1 PeV (!) 10-32 e cm ⟹ ~ 50 TeV (!)

μ→e, 1-loop, flavor violating

10-19 on Al ⟹ ~ 50+ TeV (!)
(w/ electron Yukawa spurions on all diagrams)

fig. from 1308.3653


Altmannshofer, Harnik, Zupan



Gravitational Waves From Phase Transitions

Stochastic Gravitational Wave Signal is Very Hard (and astrophysics constributions!)- 


Would it be trusted as signal for BSM without complementary measurements?

Gravitational waves are the only direct observational probe before CMB in Cosmology



Gravitational Waves From Phase Transitions
Stochastic Gravitational Wave Signal is Very Hard - Would it be trusted as signal for BSM?

Therefore if something is observed with future LIGO runs it points to high (PeV) scales!

What assumptions can we make about testability assuming thermal equilibrium etc


specialization to EW phase transitions tightens this up considerably

LIGO frequency band  

LISA frequency band  

f ⇠ O(10
2
)Hz
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LISA 2030s timescale fills in to lower, but still favors higher scales 



Understanding our theories 
better and using LHC data



Naturalness



Conventional Naturalness or “Neutral Naturalness”
Hidden sector resolutions of the little hierarchy problem

Conventional Naturalness Neutral Naturalness (Twin Higgs, …)

1 loop
1 loop

1 loop

m*

mh

mh

m*

mh′￼

Natural scale of new SM-charged 
particles raised by ~ 4π

SM-charged 
partner particles

SM-neutral 
partner particles

SM-charged 
partner particles



Naturalness intertwined with Higgs Mass predictions
Discovery of 125 GeV Higgs immediately implied stops could be ~ 10 TeV scale

20+ TeV  
lepton collider

Similar lessons from composite Higgs ideas as to 
the scale



Naturalness in the dark
What is required for discovery?
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Requires pp machine @ 

m* ≲ (loop) × mh ∼ 20 TeV

s ∼ 300 TeV

SM-neutral states between 0.1-10 TeV


Challenging target; 100 TeV reach ~200 GeV  

Higgs coupling deviations at 1% level


Higgs decays to LLPs at 0.01% level

{
{

Figure 7: Left: 95% exclusion reach in all three channels with 3 ab�1 at
p

s = 100 TeV

determined from S/
p

S + B = 1.96, neglecting systematic errors. Right: 5� discovery reach

in the VBF and monojet channels with 3 ab�1 at
p

s = 100 TeV determined from S/
p

B = 5,

again neglecting systematic errors.
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Figure 8: Left: 95% exclusion reach in all three channels with 30 ab�1 at
p

s = 100 TeV

determined from S/
p

S + B = 1.96, neglecting systematic errors. Right: 5� discovery reach

in the VBF and monojet channels with 30 ab�1 at
p

s = 100 TeV determined from S/
p

B = 5,

again neglecting systematic errors.
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40+ TeV  
lepton collider



ElectroWeak Baryogenesis



Beautiful idea, but what if it just played out at higher scale based on new theory 
understanding?

100 TeV scale works fine



Energy gives precision
This mantra already exists for the LHC



Our standard QFT picture

Nevents G L

o I
stuck with this

unless a scale kicks
in

D Newphysics

Highest E Highest L the end

But the money

I Billion year
SSC

Who knows

Depends on other thing
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Depends on other thing

Standard unavoidable reason why we need 
Luminosity

Or die

yet

ter

In E



Can we improve Higgs precision - Seems crazy?

LEP 17 M Z's

Major BF OC

Higgs Factory OCD M H's

Major 88 10
3 103events

MM 10
4

Ss to
4

10 events

Idle n 10
8 CRAP
A

This is not to say it's
bad just have

to be careful y
what's promised

OF COURSE

In answering Q's about
EWSB and H

obviously things
that couple most strongly

to EWS B are of interest

Also the main ballgame for

Numerous reasons why you might want to (Flavor, ElectroWeak Phase Transition, Higgs Potential)



FCC-ee (Tera Z program) - AC Giga+ Higgs?
Or die

yet

ter

In E

Or die

yet

ter

In E

Or die

yet

ter

In E

Or die

yet

ter

In E
Exploit kinematics to increase cross sections!



Conclusions
• There is a simple case to make for Advanced Colliders - whether it can be a “shortcut” to 

10 TeV or that we have a case to continue our march to the Planck scale,1, 10, 100 TeV…


• We need luminosity as well - simple consequence of QFT


• We need positrons or you are going to pay a strong reach penalty both for discovery and 
precision - can quantify based on interests


• Energy resolution - Bifurcation between “discovery” and doing precision with High Energy


• Even crazier ideas exist that you could pursue with compact colliders


• Now on to the real talks…
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